The Tibetan Mastiff (TM), a native of the Tibetan Plateau, has quickly adapted to the extreme highland environment. Recently, the impact of positive selection on the TM genome was studied and potential hypoxia-adaptive genes were identified. However, the origin of the adaptive variants remains unknown. In this study, we investigated the signature of genetic introgression in the adaptation of TMs with dog and wolf genomic data from different altitudes in close geographic proximity. On a genome-wide scale, the TM was much more closely related to other dogs than wolves. However, using the 'ABBA/BABA' test, we identified genomic regions from the TM that possibly introgressed from Tibetan gray wolf. Several of the regions, including the EPAS1 and HBB loci, also showed the dominant signature of selective sweeps in the TM genome. We validated the introgression of the two loci by excluding the possibility of convergent evolution and ancestral polymorphisms and examined the haplotypes of all available canid genomes. The estimated time of introgression based on a non-coding region of the EPAS1 locus mostly overlapped with the Paleolithic era. Our results demonstrated that the introgression of hypoxia adaptive genes in wolves from the highland played an important role for dogs living in hypoxic environments, which indicated that domestic animals could acquire local adaptation quickly by secondary contact with their wild relatives.
Introduction
The history of dog domestication is often depicted as dogs that were domesticated from their wild ancestors and then were further selected to form many modern breeds (Parker et al. 2004; Lindblad-Toh et al. 2005; Wayne and Ostrander 2007; Wang et al. 2013 Wang et al. , 2016 . However, the origin and evolution of the domestic dog remains a controversial question. Recent studies concluded that the domestic dogs originated $11,000-16,000 or 27,000-40,000 years ago on the basis of varying mutation rate estimates in the following four potential origin areas: Southeast Asia, Central Asia, the Middle East and Europe (Pollinger et al. 2010; Thalmann et al. 2013; Shannona et al. 2015; Skoglund et al. 2015; Wang et al. 2016) . Despite the uncertainty surrounding the precise areas of origin, the domestic dog likely originated from low-altitude areas according to these studies. Since the domestication of dogs by humans, dogs have dispersed into new environments along with the expansion of human civilization (Germonpré et al. 2009 ). Among these dogs was the TM, a native of the Tibetan Plateau, which reportedly originated from a domesticated native Chinese dog that resided at lower altitudes (Li and Zhang 2012; Li et al. 2014) . According to previous studies of the history of human settlement on the Tibetan Plateau, the initial colonization occurred during the Paleolithic era (Zhao et al. 2009; Qi et al. 2013; Lu et al. 2016) . Thus, the TM adapted to the highland over a relatively short time when compared with other highland wild animals such as the yak, Tibetan antelope, snow leopard and wild boar (Qiu et al. 2012; Cho et al. 2013; Ge et al. 2013; Li et al. 2013) . The Tibetan Plateau is an extreme environment with a lowatmospheric oxygen pressure, a cold climate and limited resources (Wu 2001) . The TM acquired various adaptive traits, such as a thicker coat and lower hemoglobin levels than lowaltitude dogs (Wen and Yuan 1998; Li et al. 2014) . With whole-genome sequencing technology, many recent studies have focused on the genetic basis of adaptive traits (Storz, Scott, et al. 2010; van Patot and Gassmann 2011; Gou et al. 2014; Li et al. 2014; Wang et al. 2014) . Intriguingly, several genes with signatures of positive selection in the TM genome were identified including EPAS1, which played a central role in hypoxic responses and contributed to the adaptation of the Tibetans (Beall et al. 2010; Bigham et al. 2010; Simonson et al. 2010; Yi et al. 2010; van Patot and Gassmann 2011; Gou et al. 2014) . However, how the TM quickly acquired the adaptive variants of these genes remains unknown.
Introgression, one potential source of genetic variation, was discovered in a variety of animal genomes (Anderson 1949; Dowling and Secor 1997; Harrison and Larson 2014) . For example, Fan et al. (2016) found extensive genetic admixture between domestic dogs and wolves, with up to 25% of Eurasian wolf genomes containing evidence of dog ancestry. Ai et al. (2015) found a large region on the X chromosome of domestic pigs that might be the result of introgression from an extinct Sus species. Introgression could also contribute to adaptive evolution (Castric et al. 2008; Hedrick 2013) . One example of adaptive introgression was observed in butterfly mimicry: closely related Heliconius species exchanged protective color-pattern genes promiscuously (Heliconius Genome 2012; Smith and Kronforst 2013) .
In addition to the TM, a recent study proposed that EPAS1 was also one of the genes that underwent positive selection in the Tibetan gray wolf . Since gray wolves have a more extensive history of occupying the Tibetan Plateau than dogs that migrated with humans (Vil a et al. 1999; Aggarwal et al. 2003; Mech and Boitani 2010; Li and Zhang 2012; Sousa and Hey 2013; Li et al. 2014; Zhang et al. 2014) , it is possible that the TM acquired the adaptive traits for life in the highland over a relatively short time from introgression of gray wolf genes. Interestingly, the rationality of the assumption was reported in the Tibetan people, where the EPAS1 haplotype specific to Tibetans originated from introgression of Denisovan-like DNA (Huerta-Sanchez et al. 2014) . In this study, we integrated dog and wolf genomic data from previous publications to test our hypothesis.
Results

Genetic Variation Data and Population Structure
Raw variation data from 49 canids (representative of four wolf populations, four dog populations and a golden jackal (GLJ) outgroup) were gathered from the Dog Genome SNP Database (DoGSD, http://dogsd.big.ac.cn/snp/index.jsp) (BAi et al. 2015) . Among the wolf populations, both Tibetan gray wolves and Qinghai gray wolves live at high-altitudes, whereas Xinjiang gray wolves and Inner Mongolia gray wolves live at lower altitudes (supplementary table S1 , Supplementary Material online). The four dog populations were chosen to align with the increase of the altitudes along the Tibetan Plateau, including the high-altitude populations of TMs and Diqing indigenous dogs, the middle-altitude population of Lijiang indigenous dogs, and the low-altitude population of Yingjiang indigenous dogs (Gou et al. 2014 ) (supplementary table S2, Supplementary Material online). The genotyping pipeline of the Genome Analysis Toolkit (McKenna et al. 2010 ) (see Methods) was used to identify a total of 18,756,751 SNPs and 5,361,993 small indels across 49 individual genomes (supplementary tables S1 and S2, Supplementary Material online). The levels of genome-wide genetic divergence between population pairs were measured with the Fst statistic, which indicated that the differentiation level within the dogs was much lower than the differentiation level between dogs and wolves ( fig. 1A ). Watterson's estimator h and pairwise nucleotide diversity p showed that the high-altitude wolves had less genetic diversity than the lowaltitude wolves (supplementary fig. S1A and table S1, Supplementary Material online). Less genetic diversity suggested a smaller highland wolf population due to founder or bottleneck effects during their settlement on the plateau . However, similar effects were not observed among the high-altitude dogs. The above results were consistent with previous studies Zhang et al. 2014) .
To explore population structure among individuals, we conducted a principal component analysis (PCA) based on whole-genome SNPs. The PCA provided a clear picture of the groupings (fig. 1B) . The first principal component (PC1) strongly separated dogs from wolves. The highland and lowland wolves were largely separated from each other along the PC2. The four dog populations could only be separated when more eigenvectors were incorporated ( fig. 1B) . A NeighborJoining (NJ) tree for the 49 individuals was constructed and showed that dogs and wolves were first split into two distinct branches, and within each branch, the populations were then separated based on their different habitats ( fig. 1C ). The population structure was also confirmed by frappe analysis (Tang et al. 2005 ) (supplementary fig. S1B , Supplementary Material online). The results suggested that the TM shared a much closer genetic relationship with dogs rather than wolves. These findings were in agreement with the previous studies that concluded the TM descended from Chinese native dogs residing at lower altitudes (Li and Zhang 2012; Li et al. 2014) .
Introgression between the TM and Tibetan Gray Wolf As Tibetan gray wolves have lived in the Tibetan Plateau longer than TMs, we assumed that introgression of adaptive traits from the Tibetan wolf (TW) allowed TMs to adapt to the high-altitude environment. To examine this possibility, we used the 'ABBA/BABA' test, which has been successfully performed in butterfly and Tibetan introgression studies (Durand et al. 2011; Heliconius Genome 2012; HuertaSanchez et al. 2014 ). The test was based on a population tree with the Yingjiang dog (YJD) as a lowland dog population, the TM as a highland dog population, the TW as a highland wolf population, and the GLJ as an outgroup (sup plementary fig. S1C , Supplementary Material online). In the population tree, the YJD and TM coalesced first, and then they coalesced with the TW. Given a bi-allelic site in the four populations where the TW is in state B and the outgroup is in state A, there are two possible allelic configurations of YJD-TM-TW-GLJ with respect to possible introgression between the TW and either the TM or YJD, ABBA and BABA ( fig. 2A ). In the cases of random sorting of ancestral polymorphisms, the frequency of the two configurations should be approximately equal (Durand et al. 2011; Smith and Kronforst 2013; Freedman et al. 2014) . Our null hypothesis was that there was no excessive introgression between the TW and TM after the divergence of the TW from the ancestor of the YJD and TM (Patterson's D ¼ 0; D > 0 for excessive introgression between Hypoxia Adaptation in the Tibetan Mastiff by Introgression . doi:10.1093/molbev/msw274 MBE TM and TW; D < 0 for excessive introgression between YJD and TW). We did not find an excessive number of ABBA sites and we also achieved a genome-wide negative Patterson's D of -0.004 (P-value ¼ 0.974, one-tailed Z-test), indicating that the genome-wide introgression between the TW and TM did not exceed the genomic introgression between the TW and YJD.
Although there was no significant introgression at the genome-wide level, it is possible that most of the introgressed DNA was lost during the breeding of TMs, and only DNA that contributed to adaptive traits was preserved. To identify local genomic regions with introgression signatures, we divided the genome into 10,688 segments of 200-kb windows and performed the 'ABBA/BABA' test for each segment (see Methods). We found 236 segments with significantly positive D statistics on different chromosomes (P-value <0.01, onetailed Z-test with Bonferroni correction, fig. 2B and C, supple mentary table S3, Supplementary Material online). These results indicated significantly excessive introgression between the TM and TW occurred in local genomic regions. We also performed the 'ABBA/BABA' test for different windows, as well as without indel data, which yielded similar results (sup plementary figs. S2 and S3, Supplementary Material online).
To further explore the roles of introgression in adaptation, we collected genomic regions with signals of selective sweeps in the TM or TW from previous studies (Gou et al. 2014; Zhang et al. 2014 ) (see Methods). There were 11 and 9 putative introgression regions containing signals of selective sweeps in the TM (supplementary table S4, Supplementary Material online) and TW (supplementary table S5, Supplementary Material online), respectively, and two of the regions overlapped ( fig. 2D ). Among these regions, a 200-kb region (chr10: 48,500,000-48,700,000) and a 300-kb region (chr21: 28,000,000-28,300,000) exhibited the most excessive number of almost fixed ABBA sites, which strongly indicated adaptive introgression (D ¼ 0.955 6 0.02 and D ¼ 0.661 6 0.006, respectively). 
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Introgression of EPAS1 Locus
To further examine for potential introgression at the 200-kb region on chromosome 10, we analyzed the distribution of almost fixed ABBA/BABA sites and found a dominant peak of ABBA sites and a complete lack of BABA sites ( fig. 3A) . Meanwhile, this region had the most significant Fst values between the TM and YJD ( fig. 3A ), indicating that a strong selective sweep occurred in that region in the TM. All of the 496 almost fixed ABBA sites were distributed in a 124. 3-kb locus (chr10:48,564,800-48,689,200) covering the EPAS1 gene as we expected. These sites also contained four nonsynonymous variants of EPAS1, which were specific to highaltitude dogs and wolves (supplementary table S6, Supplementary Material online). To validate this result in additional populations, we built a haplotype network for the locus by including all available canid genomes in DoGSD (see Methods). We observed a clear pattern in which all the haplotypes of highland dogs and highland wolves clustered together, which was distinct from the haplotypes from low-altitudes ( fig. 3B ). In addition to the TM, most haplotypes of the Diqing dog (DQD), another population living in close proximity to the Tibean Plateau, was clustered with the highland populations. Interestingly, the Lijiang dogs (LJD), a middle-altitude population, had mixed haplotypes from both high-and low-altitudes. The long range of the ABBA patterns and the broad haplotype network were difficult to explain in terms of convergent molecular evolution; therefore, the only plausible source of EPAS1 haplotypes specific to highland dogs was the highland wolves.
The 'ABBA/BABA' patterns in local regions could be confounded by the interaction between ancestral polymorphism and selection (Klein et al. 1998; Smith and Kronforst 2013 ). Thus, we tested the probability that the shared pattern in the EPAS1 locus resulted from ancestral variation instead of introgression. First, we estimated the chance that a 124.3-kb haplotype could be maintained without recombination in both the TM and TW lineages since the time of divergence (see Methods). A shorter divergence time would result in a larger probability. We found that the probability of maintaining the EPAS1 haplotype was significantly unlikely even for the shortest estimated divergence time (11,000 years, P-value ¼ 0.007), assuming a constant recombination rate of 0:78 Â 10 À8 per base pair per generation (Wong et al. 2010; Wang et al. 2013; Freedman et al. 2014; Skoglund et al. 2015) (fig. 3C ). Second, introgression should result in recent splitting of alleles and lower sequence divergence when compared with the genomic background (supplementary fig. S4A , Supplementary Material online). In contrast, ancestral polymorphisms should Hypoxia Adaptation in the Tibetan Mastiff by Introgression . doi:10.1093/molbev/msw274 MBE result in an earlier splitting of alleles and greater sequence divergence (supplementary fig. S4B , Supplementary Material online) (Smith and Kronforst 2013) . Thus, we compared the average sequence divergence between the TM and TW across the EPAS1 locus versus the genomic background (see Methods). We found significantly reduced sequence divergence at the EPAS1 locus when compared with the background (P-value < 2.2e-16, t-test, fig. 3D ). The results supported our hypothesis that the shared pattern in the locus was due to introgression instead of ancestral polymorphisms. To date the introgression event, we chose a non-coding region (chr10: 48, 639, 689, 200 ) from the EPAS1 locus and constructed an NJ tree (supplementary fig. S5 , Supplementary Material online). Differing from the genome-wide NJ tree, the tree showed that the TM first coalesced with the TW, which could be used to represent the time of introgression. We then used bpp3.2a (Yang 2015) software to estimate the divergence time based on the non-coding region (see Methods). The estimated introgression time was $24,000 (90% credible interval: 8,700-36,000) or 60,000 (90% credible interval: 21,000-90,000) years ago, assuming an average mutation rate of l ¼ 1 Â 10 À8 Freedman et al. 2014) or l ¼ 4 Â 10 À9 (Skoglund et al. 2015; Frantz et al. 2016 ) per generation, respectively. Nonetheless, both estimates mostly overlapped with the Paleolithic era, which may imply early colonization of the plateau by ancient highlanders (Zhao et al. 2009; Qi et al. 2013; Chen et al. 2015; Lu et al. 2016 ).
Introgression of HBB Locus
Next, we examined the potential introgression of the 300-kb region on chromosome 21 in a similar manner to our analysis of the EPAS1 locus. This region contained a 179-kb locus (chr21:28,060,000-28,239,000) with 182 almost fixed ABBA sites, which constituted two close peaks with the lengths of 74 kb and 75 kb, respectively. The locus covered the HBB gene À8 per base pair per generation. A shorter divergence time results in a larger probability. Even if the shortest time, 11,000 years, is considered, the probability of maintaining the EPAS1 haplotype is significantly unlikely (P-value ¼ 0.007). (D) Sequence divergence is reduced between TM and TW in the EPAS1 locus compared with the genomic background (P-value < 2.2e-16, t-test).
cluster and several olfactory receptors. It also showed strong selective sweeps in the TM compared with the YJD (fig. 4A) . Meanwhile, three non-synonymous variants were identified in the HBB gene, which were shared by high-altitude dogs and wolves (supplementary table S6, Supplementary Material online). The role of HBB in hypoxia adaptation has been widely reported. In highland animals, variants in HBB could alter hemoglobin-O 2 affinity and provide an adaptive response to hypoxia (Storz et al. 2009; Storz, Runck, et al. 2010; Natarajan et al. 2013; Projecto-Garcia et al. 2013; Wang et al. 2014) . Using the haplotype network of the HBB locus based on all available canid genomes in DoGSD, we confirmed that the highland dog haplotypes were much closer to the highland wolves than the lowland dogs ( fig. 4B ). In addition, the probability of maintaining the 179-kb locus throughout even the shortest divergence time (11,000 years) was significantly unlikely (P-value ¼ 2.20e-05, fig. 4C ). The sequence divergence of the HBB locus between the TM and TW was also significantly reduced when compared with the genomic background (P-value ¼ 0.037, t-test, fig. 4D ). These evidences indicated that the highland dogs also acquired the HBB locus by the adaptive introgression of the TW.
Discussion
Although TMs were derived from native Chinese dogs that migrated to the Tibetan Plateau with humans, how these dogs acquired the adaptive traits in a relatively short time remains elusive. A recent study highlighted the role of introgression in this process by demonstrating that the Tibetans acquired adaptive traits by gene flow from the Denisovans (Huerta-Sanchez et al. 2014) . In this study, we tested the possibility that the Tibetan wolves, the wild relatives of dogs with a more extensive history of life in the highlands, could provide a genetic source for the adaptation of TMs. As a result, we did not find any significant introgression on the genome-wide level with the 'ABBA/BABA' test. However, when we applied the 'ABBA/BABA' test on the local genomic À8 per base pair per generation. The probability of maintaining the HBB haplotype throughout 11,000 years is significantly unlikely (P-value ¼ 2.20e-05). (D) Sequence divergence is reduced between TM and TW for the HBB locus compared with the genomic background (P-value ¼ 0.037, t-test).
Hypoxia Adaptation in the Tibetan Mastiff by Introgression . doi:10.1093/molbev/msw274 MBE level, we found that the EPAS1 and HBB loci of the TM, which play very important roles in hypoxia adaptation on the highland (Storz et al. 2009; Storz, Runck, et al. 2010; van Patot and Gassmann 2011; Natarajan et al. 2013; Projecto-Garcia et al. 2013; Gou et al. 2014; Wang et al. 2014) , may come from the TW. Both loci also showed the signature of selective sweeps in the TM compared with lowland dogs, which suggested an adaptive role for introgression. Thus, it was plausible that after admixture of the ancestral breed of highland dogs and wolves, most of the DNA from wolves was lost during the breeding of highland dogs, and only the DNA that benefitted their lives on the highland was preserved. Compared with the introgression study of Tibetans, we found several non-synonymous mutations in the two loci, which provided new insights into the functional roles of the two genes involved in adaptation. These results indicated that by secondary contact with their wild relatives, the introgression may be an effective and rapid way for domesticated animals to adapt to new environments, and it was necessary to examine local genomic regions to identify the events.
In the EPAS1 and HBB loci, the long range of almost fixed ABBA sites between highland dogs and wolves was hard to explain with convergent evolution. One potential concern in our study was that the results of the 'ABBA/BABA' test on local regions were due to ancestral polymorphisms. According to our results, the chance of maintaining a lengthy haplotype without recombination in both the TM and TW lineages due to ancestral polymorphisms was highly unlikely. In addition, the sequence divergence in the two loci between the TM and TW was also significantly decreased when compared with the genomic background. Our results were more consistent with introgression rather than ancestral polymorphisms. The haplotype networks based on all available canid genomes showed that the highland wolves were the only genetic sources of the two loci for the highland dogs. Altogether, our findings supported introgression as the most plausible explanation for the two loci in the highland dogs, which enabled them to adapt to hypoxic environments in a relatively short period of time.
Materials and Methods
SNP and Indel Calling
The raw variation data per sample (.g.vcf files) of 49 canids were downloaded from DoGSD (http://dogsd.big.ac.cn/snp/ index.jsp) (BAi et al. 2015) . SNPs and small indels were called using the GATK (v3.5) pipelines (McKenna et al. 2010) . All per-sample .g.vcf files were combined by the joint genotyping tool, GenotypeGVCFs, which produced a raw set of joint SNPs and indels. Then, the raw joint SNPs and indels were separately filtered by VariantFiltration of GATK with the following options:
SNPs: DP > 846.0 k QD < 2.38 k FS > 29.195 k SOR > 4.449 k MQ < 3.76 k MQRankSum < À9.340e-01 k ReadPosRankSum < À9.210e-01.
Indels: DP > 707.0 k QD < 2.86 k FS > 28.542 k SOR > 4.406 k InbreedingCoeff < À0.2884 k ReadPosRankSum < À9.340e-01.
Population Genetics Analysis
The GCTA (v1.25) (Yang et al. 2011 ) was used to perform principle component analysis for individuals. We constructed the NJ tree with MEGA (v5.1) (Tamura et al. 2011 ) based on the identity-by-state (IBS) distance matrix between all individuals calculated by PLINK (v1.07) (Purcell et al. 2007 ). The population structure was also inferred by frappe (v1.1) (Tang et al. 2005 ) with the maximum likelihood method. The genetic diversity and pairwise Fst values were calculated with 100-kb siding windows by the PopGenome package (Pfeifer et al. 2014 ) (v2.1.6) in R (v3.1.3).
'ABBA/BABA' Test
The genome-wide Patterson's D statistic was calculated by the qpDstat program in the ADMIXTOOLS package (v1.1) (Patterson et al. 2012 ). On the local genomic level, the reference genome was divided into 10,688 segments of 200 kb, and the D statistic was calculated for each segment by the PopGenome package (Pfeifer et al. 2014 ) (v2.1.6). Following Durand and colleagues' method (Durand et al. 2011) , the standard error of the statistics was calculated using a jackknife procedure (Efron 1981) .
In the jackknife procedure, one block of adjacent sites was removed n times, and the size of the block was larger than the extent of linkage disequilibrium (LD) (10 kb in our study). va rðDÞ was the variance of the D statistic over n sequences leaving one block. A Z-score was then obtained by dividing the value of the D statistic by the standard error. The number of almost fixed ABBA/BABA sites was counted for each segment with a strict criteria, where the fixed 'A' of GLJ was equal to 2, the fixed 'B' of TW was more than 2, and the fixed 'A/B' of TM or YJD was more than 18. The 'ABBA/BABA' test was also performed for windows of 500 kb, 1 Mb, and 2 Mb, as well as for 200-kb windows without indel data.
Meanwhile, we collected 132 potential selective regions of highland dogs from supplementary table 6 from Gou et al. (2014) and 84 hypoxia-related genes in potential selective regions of highland wolves from the table_S5 from Zhang et al. (2014) . Overlap analysis was performed among the regions with selective sweeps and introgression.
Haplotype Network
We constructed haplotype networks for the EPAS1 (chr10: 48, 564, 689, 200) and HBB loci (chr21:28,060,000-28,239,000). In addition to the 49 canids, SNP data from all available dog and wolf populations for the two regions were collected from DoGSD (supplementary table S7, Supplementary Material online). For the EPAS1 locus, there were a total of 29 SNPs that passed the filter with a minor allele count greater than 4 and an r 2 of LD greater than 0.3. To limit the number of haplotypes displayed, we used the top 50 common haplotypes. We used Beagle (Browning and Browning 2007) (v3.3.2) to phase the SNPs and PopART (Leigh and Bryant 2015) (v1.7) to build the haplotype network with the minimum spanning method (Bandelt et al. 1999 ).
Miao et al. . doi:10.1093/molbev/msw274 MBE For the HBB locus, there were a total of 35 SNPs that passed the filter with a minor allele count greater than 6 and an LD greater than 0.3. We built a network with the top 42 most common haplotypes.
DNA Sequence Divergence
The average sequence divergence of the EPAS1 and HBB loci between the TM and TW was measured by the diversity of 2-kb sliding windows divided by the length of the window with the PopGenome package (Pfeifer et al. 2014 ) (v2.1.6). The 2-kb sliding windows across corresponding chromosomes excluding the introgression locus were treated as the genomic background. We used Welch's t-test to compare sequence divergence between the introgression region and background.
Probability of Maintaining a Long Haplotype from Shared Ancestral Lineage
We followed the method used by Huerta-Sanchez et al. (2014) to calculate the probability of a long haplotype shared by TM and TW due to ancestral polymorphisms:
L is the expected length of a shared ancestral sequence and L ¼ 1=ðr Â tÞ, where r is the recombination rate per generation per bp and t is the length of the TM and TW branches since divergence. Assuming an exponential distribution of admixture tracts, the probability of seeing a shared fragment with a length ! m is expðÀm=LÞ. On the condition of observing the TW nucleotide, the expected length is the sum of two exponential random variables with expected length L. Therefore, it follows a Gamma distribution with shape parameter 2, and rate parameter 1/L. There were two different estimations of the divergence time between dogs and wolves in recent articles. One is $27,000-40,000 years ago, and the other is $11,000-16,000 years ago Freedman et al. 2014; Skoglund et al. 2015) . The recombination rates of chromosomes 10 and 21 are 0:78 Â 10 À8 and 1:02 Â 10 À8 per generation per bp, respectively, with a generation time of 3 years (Wong et al. 2010) . As a shorter divergence time will result in a larger probability, we used the shortest estimated time (11,000 years) to calculate a conservative P-value.
Time of Introgression
The divergence time of TM and TW on a non-coding region (chr10: 48, 639, 689, 200) of the EPAS1 locus (supple mentary fig. S5 , Supplementary Material online) was used to represent the time of introgression. We used bpp3.2a (Yang 2015) software to estimate the divergence time under the multispecies coalescent model on a fixed species phylogeny with the following Gamma priors: h $ Gð2; 2000Þ; s $ Gð2; 2000Þ, and a sample of 3,200,000. The estimated mean divergence time (s MT ) was 8 Â 10
À5 with a 90% Bayesian confidence interval from 2:9 Â 10 À5 to 1:2 Â 10 À4 , which could be scaled to the absolute time with an assumed mutation rate.
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